Please cite this article as: Wangkahart E, Secombes CJ, Wang T, Dissecting the immune pathways stimulated following injection vaccination of rainbow trout (Oncorhynchus mykiss) against enteric redmouth disease (ERM), Fish and Shellfish Immunology (2017), doi: 10.1016/j.fsi.2017 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Gene expression analysis by real-time PCR

146
The expression of a set of genes for acute phase proteins (APPs), antimicrobial peptides
147
(AMPs) and cytokines using real time PCR were performed as described previously [25, 33]. Briefly, the PCR amplification was performed using a LightCycler® 480 Instrument II
149
(Roche Applied Science) and 384 multiwell plates in a 10 µl reaction using SYBR® Green I
150
(Invitrogen™, Carlsbad, USA) and IMMOLASE ™ DNA Polymerase (Bioline, UK), and 151 expression levels calculated using the 'LightCycler® 480 software version 1.5. Elongation were designed against are listed for each gene in Table 1 . At least one of each primer pair 155 was designed to cross an intron and were tested to ensure that PCR products could only be were used to analyse all of the expression data using IBM SPSS statistics 22 software (SPSS
168
Inc., Chicago, IL, USA). Differences between vaccinated and control groups for each time 169 point were considered statistically significant at p < 0.05. In addition, we also undertook a 170 correlation analysis of vaccine modulated genes using the Spearman rank order correlation 171 test to look for associations between expression patterns. The gene expression levels in spleen 172 samples at day 1 and day 3 (N=12) were used for this analysis, since the majority of gene 173 expression changes seen were during this period. 
Results
176
The expression of 63 genes, including the house keeping gene EF-1α, vaccination at day 1, 3 and 7, and peaked at day 1 (89-fold) and in the gills at day 1 (18-fold,
193
Fig . 1A) . One of the SAP paralogues, SAP1 that was lowly expressed constitutively, was also
194
induced in spleen at day 1 and 3 ( Fig. 1B and C) .
196
The constitutive expression of the AMPs, CATH1, CATH2 [35] and Hepcidin [34] was 197 relatively high in spleen and gills (∆Cp=9 to 16, Table 1 ). CATH1 expression was induced at 198 day 1 and day 3 in spleen but was refractory in gills after ERM vaccination (Fig. 1D) .
199
CATH2 expression was highly induced and peaked at day 1 in both spleen (385 fold) and 200 gills (32 fold) and the heightened expression lasted until day 7 in the spleen and day 3 in the 201 gills after vaccination (Fig. 1E) . Hepcidin expression was also induced at day 1 in both 202 spleen (43 fold) and gills (59 fold, Table 2 and S1). and IL-1β2 was induced at day 1 and 3, and peaked at day 1 in the spleen ( Fig. 2A-B) , but
216
was not modulated in the gills (Table S1) , of vaccinated fish. IL-1β3 expression was 217 refractory ( Table 2 and S1). In terms of fold change, IL-1β2 expression was more inducible
218
(peaked at 49 fold) than IL-1β1 (peaked at 17 fold). At least three TNF-α paralogues are 219 present in rainbow trout [22] . All the three genes (TNF-α1-3) were up-regulated in spleen at 220 day 1, with TNF-α2 remaining elevated at day 3 in the spleen, but no changes were seen in 221 the gills after vaccination ( Fig. 2C-E expression of all these genes was induced and peaked at day 1 in the spleen (Fig. 2F-I 10A expression was up-regulated from days 1 and 3 and peaked at day 1 (301 fold) (Fig. 2J) 
229
in the spleen but was not modulated in the gills of vaccinated fish, however IL-10B 230 expression was refractory in both tissues ( Table 2 and S2). The expression of nIL-1Fm was 231 also induced at day 1 in the spleen by vaccination (Fig. 2K) . The expression of both TGF-β1 232 paralogues was refractory in both spleen and gills after vaccination ( Table 2 and S1).
233
However, the expression of the two trout master transcription factors Fox3A and Fox3B,
234
important for mammalian TGF-β1 expression in mammals, was decreased at day 1 in the gills 235 and spleen respectively (Fig. 2L, Table 2 and S1).
236
Correlation analysis of vaccination-modulated gene expression in the spleen at day 1 and 3
237
revealed that the expression of the major pro-inflammatory cytokines (IL-1β1, IL-1β2, TNF-238 α paralogues, IL-6, IL-8, IL-11 and M17) and anti-inflammatory cytokines (IL-10A and nIL-239 1Fm) was highly correlated ( (Table S2) . (Table S2) . all the α-chains was significantly increased in spleen and peaked at day 1 (13.6-fold for 285 p35A1, 37.5-fold for p35A2, 58.7-fold for p35B1, 1502.0-fold for p19, 52.6-fold for p28A 286 and 11.1-fold for p28B), with upregulated levels remaining at day 3 except for p35A1 and The upregulated expression of the α-chains in the spleen was significantly correlated and also 294 correlated to that of Th1 (IFN-γ1/2) and Th17 (IL-17A/F1A) markers ( Table 4) . The 295 increased expression of most of the IL-12 family α-chains was also correlated to the pro-and and IL-10A), AMPs (CATH1, CATH2 and hepcidin) and APPs (SAA and SAP1, Table S2 ). Table 2 and S1). IL-17D, which was lowly expressed in the spleen, was 303 inhibited at day 3 in the spleen of vaccinated fish ( Table 2) . by infection and were refractory to vaccination (Table 5) . Secondly, the kinetics of gene Despite the differences, the expression of the major pro-inflammatory cytokines (IL-1β1, IL-356 1β2, and TNF-α paralogues, IL-6, IL-8, IL-11 and M17) and anti-inflammatory cytokines
357
(IL-10A and nIL-1Fm) was highly upregulated in the spleen (but not in the gills) immediately 358 after ERM vaccination (Figs. 2-3 ). These changes are highly correlated ( higher than Th2 cytokines (Fig. 4) . Furthermore, their upregulated expression was 
Implications for vaccine development in fish 468
Using an efficacious bacterial model vaccine, this study has revealed that host innate Table 3 . The Spearman's rho correlation coefficient (R) and the 2-tailed significance (p) between gene expression levels of the pro and anti-inflammatory cytokines in the spleen of vaccinated fish at day 1 and day 3 post-injection. R in bold suggests a significant Spearman rank ordered correlation. M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Table 4 . The Spearman's rho correlation coefficient (R) and the 2-tailed significance (p) between gene expression levels of the cytokines involved in Th cell development in the spleen of vaccinated fish at day 1 and day 3 post-injection. R in bold suggests a significant Spearman rank ordered correlation. M A N U S C R I P T Table 5 Comparison of gene expression modulated by ERM vaccination and Y. ruckeri infection in the spleen and gills of rainbow trout. "↑" = up-regulation, "↓"=down regulation and "-" = no change. 
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